Interdependency among system parameters may significantly affect the cross-layer design and optimization performance of wireless networks. However, it is very difficult to derive the interdependency among system parameters in a dynamic complex networking system due to the uncertainty of data observation and system modeling. In this research, we propose a new approach for dynamic interdependency measure among system parameters by using non-additive measure theory. In particular, the Choquet integral model is applied to distinguish the interaction among system parameters towards the objective function through a set of non-additive measures. Then the most significant effect subset of system parameters on the performance metrics of interest for system objective function is identified. The simulations show that it is only need to adjust the parameters in the optimized subset according to the interdependency measure can improved the network throughput, consequently, the radio resource is utilized more reasonably.
Introduction
Wireless Local Area Network (WLAN) has been received widely attention and research in recent years with its advantages of simplicity and low cost. The IEEE 802.11 MAC sublayer provides a fairly controlled access to the shared wireless medium through two different access mechanisms: the basic access mechanism, called the distributed coordination function (DCF), which is based on carrier sense multiple access with collision avoidance (CSMA/CA), and a centrally controlled access mechanism, called the point coordination function (PCF) [1] . DCF is contention-based and uses the so called Binary Exponential Backoff (BEB) scheme. Many schemes have been proposed to improve the DCF performance, and they can be classified into two broad categories: adaptation by scheduling and adaptation by varying channel parameters [2] .
The first category of schemes adapts the channel by relying on a scheduling policy. In wireless environment, channel errors are burst and location dependent. Therefore, when several stations compete in a WLAN, each has its own channel condition (good channel state or bad channel state). Opportunistic scheduling consists in always selecting stations in a good channel state for transmission. To maintain some level of fairness, such schemes rely on swapping transmission opportunities among the stations to improve the network throughput. Many schemes have been proposed in this area (see for example [3] , [4] and the references therein), they differ mainly in how stations "borrow" opportunities from other stations and how they "refund" them back. In the second category, frame size and transmission rate are the two most important parameters that can be dynamically changed to improve the performance of the system. Under severe error rates, decreasing the transmission rate lowers the bit error rates, whereas decreasing the frame size reduces the frame error probability, thereby contributing toward improving the throughput. On the other hand, decreasing the transmission rate lowers the throughput of the network, whereas decreasing the frame size increases the overhead thereby reducing the throughput. Therefore there are tradeoffs between data rate, frame size, overhead and throughput. Many frame size adaptation schemes ( [5] , [6] ) and rate adaptation schemes ( [7] ) have been proposed in the literature. These approaches are based on system modeling ( [8] , [9] ). But it is hard to model the actual network systems due to the system parameters are time-varying and uncertain. For example, in a dynamic complex system, traditional probability measures might not be accurately derived due to the fact that system events could be non-repeatable in a huge event space. So, these probability-based system models are no longer valid due to the models' inaccuracy. In addition, most of the literatures, only consider the impact of one parameter or several parameters on network performance respectively, and did not take into account the correlation between different system parameters.
In this paper, we propose a parameter adaptation system which performs adaptation according to the network conditions by varying the system parameters core. Firstly, the system parameters and their correlations are measured by fuzzy measures which no need to establish the accurate mathematical model. Then an optimal parameter set is determined according to the measuring results. Finally, we only adjust those parameters in the optimal parameter set to improve the system performance. The major contributions made in this paper are: 1) the network throughput is obtained under different MAC frame size, data rate, minimum contention window size and retransmission times; 2) quantitative significance analysis is proposed for dynamically identifying which subset of system parameters has the most significant effect on the performance metrics of interest for system objective function and 3) the set of parameters is narrowed according to the measurement result and network performance is optimized by adjusting the parameters in the narrowed set.
Methodology
Without loss of generality, let X={x 1 , x 2 ,…, x n } be the design vector with n system parameters and Ψ be the system performance metrics for cross-layer design, then a cross-layer optimization problem can be formulated as
Where h 1 to h m are m design constraints which are closely related to performance requirements imposed on system parameters. For interdependency measure and significance analysis, we would like to know which set of parameters X' has the most significant effect on the performance metrics of interest for system optimization, usually X'∈X.
The Choquet model
We introduce a new nonlinear statistical model based on non-additive integrals [10] for interdependency model and significance analysis. The distinguishing feature of this model is that the interaction among system parameters toward the performance metrics of interest can be properly measured through the nonlinear integral such as Choquet integral. The nonlinear data fusion model is described as follows.
The data consists of l observations of x 1 , x 2 , …, x n and Ψ, and are formed as Table 1 . In Table 1 , each row is an observation of system parameters x 1 , x 2 ,…, x n and Ψ. The observation of x 1 , x 2 ,…, x n can be regarded as a function f : X→(−∞,+∞); hence the j-th observation of x 1 , x 2 ,…, x n is denoted by f i , and we write f ji =f j (x i ) where 1 ≤ i ≤ n and 1 ≤ j ≤ l.
Definition 1: Set the power set of X is P(X), including all subset of X. The interdependency among system parameters toward the performance metrics of interest is described by a set function μ defined on the power set of X, i.e. μ: 
We relax the above two traditional restrictions on non-additive measures, the co-domain of the set function μ is instead of R + and the monotonicity is also not necessary [11] . So, the new non-linear multiregression model based on Choquet integral is now expressed as
where c is a regression constant,  ) (c is Choquet integral, f is an observation of x 1 , x 2 ,…, x n , μ is a non-additive measure, and 
To solve the parameters of the Choquet model
The basic idea to solve the Choquet model is a two-step procedure. The first step is to reduce the non-linear multi-regression model to the traditional linear multiregression model by converting each ndimensional vector attribute datum to a 2 n -dimensional vector datum, which is defined over the power set of attributes; the second step is to solve the linear model by using the standard least-square method.
As mentioned in [11] , direct reduction on raw data from the Choquet model to linear multiregression model may cause "bad" solutions, where non-additive measures on some subsets are often not able to be determined. So we present a data normalization approach based on median alignment. The main idea is to align the observed data of each predictive attribute with others' data along their medians, so that if the data samples are reasonably large, it is expected to have non-zero aggregated observation for each subset S∈ P( X' ); and its non-additive measure can therefore be determined properly.
Given observation data, the optimal regression coefficients can be determined by using the least square method in order to make 2  minimal [12] . The algorithm can be described as follows:
1) The initial settings are: Number of the chosen system parameters = n; Number of observations = m 2) Data normalization:
For each set of observation data of x i , we denote the normalized results of xi as 
The interdependency measure and significance analysis among system parameters in WLANs
In this section, we apply the Choquet model for interdependency measure and significance analysis on MAC layer parameter set of IEEE 802.11 WLANs. The parameter set includes the number of users, the minimum contention window size, MAC-frame size, retransmission times and data rate, etc. In particular, the simulation scenario is a square area of 200m×200m, and several system parameters of MAC and physical layers used in the IEEE 802.11b standard are shown in Table 2 . The network throughput is obtained by using different combinations of MAC frame size, data rate, minimum contention window size and retransmission times. The experimental data sets have been collected by running simulations with different combinations of minimum contention window size, frame size, data rate and retransmission times, under different channel states (Good or Bad) and number of users. Table 3 shows that the throughput data collected from simulations results. As shown in Table 3 , the minimum contention window size is increased exponentially from 16 to 256, the frame size is chosen from 500 bytes to 1500 bytes with the step size of 250 bytes, the data rates are selected from 1, 2, 5.5, and 11 Mbps, and the retransmission times are selected from 2 to 10 with the step size of 2.
Then, we use the proposed approach to quantitatively capture the interdependency among IEEE 802.11 MAC protocol parameters and identify which set of system parameters has the most significant effect on the throughput performance. Table 4 shows the quantified significance of system parameters and interdependency patterns among them on the throughput performance. There are four different network conditions considering both network status (lightly-loaded with 10 users or heavily-loaded with 50 users) and channel quality (good channel quality BER=10 -5 and bad channel quality BER=10 Table 4 toward the throughput performance. According to the non-additive measure theory, the relation of the measure result μ[i] and the performance metric is:
1) The sign of each μ[i] indicates whether it is positive or negative significant effect on the throughput performance, posed by change of the parameter subset i. In other words, the positive sign of μ [i] shows that increasing the values of parameter subset i can enhance the throughput performance. Likewise, the negative sign of μ[i] indicates the throughput performance will be lowered when increasing the values of parameters set i.
2) The absolute value of μ[i] shows how strong the corresponding effect can be imposed by increasing the values of parameter subset i. Recall that the significance measure of a parameter subset turns into a function of the related parameters in nonlinear systems. Thus, each observation will generates a value of significance measure, as shown in Table 4 .
From the experimental results, we may have the following conclusions, which are actually consistent to the literatures.
 Lightly-loaded network 1) When the network is lightly loaded, whether the channel quality is good or bad, μ[14] = 3.0609 or 1.9730 has the largest absolute value with positive sign indicates that the interdependency between frame size, data rate and retransmission times have the most significant effect on the throughput performance, i.e., increasing frame size, data rate and retransmission times will be the most effective way to improve the system throughput performance.
2) For the case of lightly loaded network with good channel, μ [6] =3.0575 is very close to μ[14] and μ [8] = 0.0120 is close to zero, i.e. μ{dr, fm} is close to μ{dr, r, fm} and μ{r} is close to zero, indicates that the interdependency between fm and dr leads to great effect on the throughput performance, and the retransmission times has negligible significant effect on the throughput performance. This means the parameter set can further narrowed by neglecting parameter retransmission times r.
3) For the case of lightly loaded network with bad channel, μ [6] =1.9643 is very close to μ[14] and μ [8] = -0.0216 is close to zero, i.e. μ{dr, fm} is close to μ{dr, r, fm} and μ{r} is close to zero, indicates that the interdependency between frame size, retransmission times and data rate leads to most significant effect on the throughput performance, and the retransmission times has negligible significant effect on the throughput performance. So the result is similar to 2).
 Heavily-loaded network 1) When the network is lightly loaded, whether the channel quality is good or bad, μ [7] = 2.4404 or 1.3275 has the largest absolute value with positive sign indicates that the interdependency between frame size, minimum contention window size and data rate have the most significant effect on the throughput performance.
2) For the case of heavily-loaded network with bad channel, μ{fm, cw} = 0.0929 >0 even though both μ{fm}= -0.1278 and μ{cw}= -0.0012 have negative effects. It is true that increasing minimal contention window size may reduce the throughput performance directly, but on the other hand, it reduces the packet loss rate caused by collision as well. Thus, if the frame size is increased as the same time, it is possible to increase the throughput performance instead. μ [1] μ [2] μ [3] μ [4] μ [5] μ [6] μ [7] μ [8] μ [9] μ [10] μ [11] μ [12] In summary, tradeoffs between the complexity and system performance, increasing the frame length and data rate is the most efficient method to improve the system throughput under lightly-loaded networks, and the most efficient method to improve throughput is increasing the minimum contention window size, frame length and data rate under heavily-loaded networks.
Simulation results and analysis
After the subset of parameters which has the most significant effect on the throughput performance is derived from the above measure results, the following step is verifying whether the simulation results will repeat the conclusions derived from the theoretical study. The results are as follows:
(1) Scenario with light-loaded According to the results of Table 5 shows the simulation results derived from the scenario with good and bad channel quality. In this table, the first column is the subset of system parameters considered in the throughput optimization; the others are the average throughput. From Table 5 , we can conclude that optimizing frame size, retransmission times and data rate simultaneously will yield the highest throughput performance. This conclusion supports the theoretical results derived from using the proposed approach for interdependency measure and significance analysis in Table 4 , where μ[14] is the highest value of significance, meaning that the joint-optimization of frame size, retransmission times, and data rate has the most significant effect on the throughput enhancement. Furthermore, only adjusting the frame size and data rates can also get perfect results. In some actual network performance optimization case study, the frame size and data rates can be adjusted to effectively improve throughput performance in order to reduce cost and complexity. Fig. 1 shows the average throughput under different frame size and data rates. (2) Scenario with heavily-loaded Table 6 shows the simulation results derived from the scenario with good channel quality and bad channel quality. This conclusion supports the theoretical results derived from using the proposed approach for interdependency measure and significance analysis in Table 6 , where μ [7] is the largest value of significance, meaning that the joint-optimization of frame size, minimum contention window size and data rate has the most significant effect on the throughput enhancement. Fig. 2 shows the average throughput under different frame, size minimum contention window size and data rates. 
Conclusion
Interdependency among system parameters for cross-layer design in WLAN is very critical to the performance metrics. In this paper, we propose a new approach based on the Choquet integral to measure the interdependency among system parameters, such as MAC frame size, data rate, the minimum contention window size and retransmission times. Then we carry out the significance analysis and identify which subset of the system parameters has the most significant effect on the performance metrics for cross-layer optimization. The proposed approach only relies on the managerial data and can be easily incorporated in the current cross-layer design framework, and the simulations show that it is only need to adjust the parameters in the optimized subset according to the interdependency measure can improved the network throughput, consequently, the radio resource is utilized more reasonably.
